This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. Abstract Background and Aims: Endothelial progenitor cells (EPCs) differentiate into mature endothelial cells and may thus be candidates for ischemic disease therapy; however, the transition of EPCs to mesenchymal cells is not fully understood. We explored the role of phosphatidylinositol 3-kinase (PI3K)/Akt signaling in endothelial-to-mesenchymal transition (EndMT) induced by transforming growth factor beta 1 (TGF-β1). Methods: Rat bone marrow-derived EPCs were isolated by using Ficoll-Isopaque Plus density-gradient centrifugation. EndMT was induced by TGF-β1 (5 ng/mL). PI3K/Akt signaling was activated by IGF-1 or Lenti-PIK3R2 shRNA. Additionally, FoxO3a expression was suppressed by a lentiviral vector (Lenti-FoxO3a shRNA). Smad3 and FoxO3a co-localization was detected by confocal immunofluorescence microscopy. The expressions of molecules involved in EndMT were exmined by using Westernblot analysis. Results: EndMT of EPCs was fully developed after TGF-β1 treatment (5 ng/mL) for 7 days. PIK3R2 expression in EPCs was driven by TGF-β1. Lenti-PIK3R2 shRNA blocked alpha-smooth muscle actin (α-SMA) expression in EPCs treated with TGF-β1, drove PI3K/Akt activation, and increased expression of phosphorylated FoxO3a instead of phosphorylated Smad3. The effect of Lenti-PIK3R2 shRNA was reduced by LY294002, a specific inhibitor of PI3K. IGF-1 attenuated α-SMA protein expression in EPCs treated with TGF-β1. Similar to Lenti-PIK3R2 shRNA, IGF-1 also inhibited and elevated the phosphorylation of Smad3 and FoxO3a, respectively. IGF-1 disrupted the co-localization of these proteins in EPCs treated with TGF-β1. Lenti-FoxO3a shRNA transfection of EPCs suppressed expression of FoxO3a as well as that of Z. Zhang and T. Zhang contributed equally to this work.
Introduction
Endothelial progenitor cells (EPCs) derived from the bone marrow (BM) play a protective role in cardiovascular disease and diabetes mellitus by migrating to the injured endothelium and differentiating into mature endothelial cells. However, BM-derived EPCs also differentiate into mesenchymal cells positive for alpha-smooth muscle actin (α-SMA), a process known as endothelial-to-mesenchymal transition (EndMT). EPCs may thus contribute to intimal hyperplasia during endothelial repair. For instance, BM-derived EPCs could migrate into the intimae of a balloon-injured carotid artery to augment intimal hyperplasia [1] , which is secondary to the process of EndMT induced by transforming growth factor beta 1 (TGF-β1) in the hypertrophic neointima [2] . Several studies have demonstrated neointimal hyperplasia inside EPC-capturing stents implanted in the coronary artery [3] or between the carotid artery and internal jugular vein [4] , especially in patients with poorly controlled diabetes mellitus [5] . The mechanisms of EPCs in intimal hyperplasia have not been fully elucidated.
TGF-β1 signaling through TGF-β cell surface receptors induces EndMT in EPCs. By binding to TGF-β receptor II (TGFβRII), TGF-β1 induces phosphorylation of Smad2 and α-SMA in EPCs, suggesting that the EndMT process is mediated by the TGFβRII/Smad2 signaling pathway [1, 6] . Several studies have shown that inhibition of TGF-β receptor I (TGFβRI) inhibits snail gene expression, blocks EndMT, and facilitates differentiation of EPCs to the endothelial cell lineage, suggesting an essential role of TGFβRI/Smad3 in the EndMT of EPCs [2] . However, recent studies have shown that in the absence of TGF-β1, physiological shear stress induces expression of α-SMA in EPCs when treated with Wortmannin, a specific inhibitor of phosphatidylinositol 3-kinase (PI3K) [7] . These results suggest PI3K/Akt regulates EndMT in EPCs independent of TGF-β1.
PI3K is a heterodimeric complex of regulatory and catalytic subunits, including p85 (α, β, and γ) and p110. P85β, i.e., PIK3R2, inhibits phosphorylation of Akt, which is subsequently activated by PI3K. The PI3K/Akt signaling pathway mediates many biological activities in EPCs including proliferation [8] , endothelial differentiation [9] , migration [10] , senescence [11] , and hormonal secretion [12] . However, the role of PI3K/Akt signaling in EndMT of EPCs is unclear.
In our previous study, we found that PIK3R2 expression increased and PI3K decreased in EPCs during the EndMT process [13] . Akt activation suppresses TGF-β/ALK5-mediated Smad3 activation in an Akt kinase-dependent manner through mTOR in prostatic epithelial cells [14] or by inhibiting translocation of the FoxO3/Smad3 transcription factor complex from the cytoplasm to the nucleus in neuroepithelial cells [15] . Activation of Smad3 also mediates EndMT in EPCs [2] . Therefore, we hypothesized that PI3K/Akt pathway activation in EPCs may inhibit the EndMT process.
In this study, we activated PI3K/Akt by suppressing PIK3R2 expression or by treating the cells with exogenous IGF-1 and measured its effect on TGF-β1-induced EndMT of BMderived EPCs. We also investigated the role of FoxO3a signaling in this pathway.
Materials and Methods
The investigation conformed to the principles outlined in the US National Institutes of Health guidelines for use of animal tissues and was approved by the Ethics Committee of Experimental Research, Shanghai Jiao Tong University School of Medicine. 
Cellular Physiology and Biochemistry
Cell isolation, identification, and culture BM-derived EPCs were isolated from male Sprague-Dawley rats (300 to 450 g) as described in our previous study [13] . We used Ficoll-Isopaque Plus (Histopaque-1077, Sigma) density-gradient centrifugation to isolate mononuclear cells from the rat bone marrow. After culture for 4-7 days in conditioned medium on fibronectin-coated dishes, non-adherent cells were removed with gentle washes of phosphate-buffered saline (PBS) and the attached cells were used in the following experiments. For identification, resuspended cells were incubated with PE-CD34 and FITC-KDR antibodies (Jackson IRL, Baltimore, MD); CD34+/KDR+ cells were identified as EPCs by flow cytometry (FACScan ® ; BD Biosciences) and CellQuest software (BD Biosciences).
Induction of EndMT
Cells were seeded on culture plates with Ham's F-12 containing 5% FBS; EndMT was induced by treatment with TGF-β1 (5 ng/mL) for 7 days [13] . To investigate the role of PI3K/Akt signaling in EndMT, EPCs were treated with IGF-1 (100 ng/mL, R&D Systems, Minneapolis, MN; 4326-RG) plus TGF-β1 for 7 days (activation), or with LY294002 (25 μM, Cell Signaling Technology, Beverly, MA; catalog no. 9901) for 24 h to block PI3K/Akt. EPCs were transfected with PIK3R2 shRNA (Lenti-PIK3R2 shRNA; Santa Cruz Biotechnology, Santa Cruz, CA; catalog no. sc-39126-V) or FoxO3a shRNA (Lenti-FoxO3a shRNA; Santa Cruz Biotechnology; catalog no. sc-37888-V) according to manufacturer protocols, and stable clones expressing PIK3R2 shRNA or FoxO3a shRNA were selected for the following experiments.
Immunofluorescence Cells were rinsed with PBS and fixed for 15 min at room temperature, then blocked for 2 h in PBS containing 5% normal goat serum and 2% BSA [13] . Monoclonal antibody (diluted 1:1000) against α-SMA (Millipore Corporation, Billerica, MA; catalog no. CBL171) or CD31 (Santa Cruz Biotechnology; catalog no. sc-376764) was incubated with the fixed and permeabilized cells for 2 h, followed by five rinses with PBS. The cells then were incubated with Alexa Fluor 594-conjugated Goat anti-mouse antibody (diluted 1:500) for 1 h.
Confocal microscopy was used to detect translocation of Smad3/FoxO3a. Fixed cells were incubated with primary antibodies for anti-Smad3 (Santa Cruz Biotechnology; catalog no. sc-101154) and anti-FoxO3a (Cell Signaling Technology; catalog no.2497s), then with Alexa Fluor 488 Goat Anti-Mouse (diluted 1:500) and Alexa Fluor 594 Goat Anti-Rabbit antibody (diluted 1:500). Nuclei were stained with 1 μg/mL DAPI for 5 min at room temperature.
Western blot analysis
Proteins were prepared from cell lysates as described [13] , separated by 10% SDS-PAGE, electrophoretically transferred to PVDF membranes, and probed with primary antibody followed by horseradish peroxidase-conjugated secondary antibody (HRP). The primary antibodies for western blot analysis were as follows: anti-PIK3R2 (Santa Cruz Biotechnology; catalog no. sc-131324), anti-PI3K (Cell Signaling Technology; catalog no. 4249S), anti-p-Akt (Cell Signaling Technology; catalog no. 9271S), anti-AKT (Cell Signaling Technology; catalog no. 9272S), anti-SM22α (Santa Cruz Biotechnology; catalog no. sc-134794), anti-α-SMA (Millipore Corporation; catalog no. CBL171), anti-CD31 (Santa Cruz Biotechnology; catalog no. sc-376764), anti-FoxO3 (Cell Signaling Technology; catalog no. 2497s), anti-p-FoxO3 (Santa Cruz Biotechnology; catalog no. sc-101683), anti-Smad3 (Santa Cruz Biotechnology; catalog no. sc-101154), antip-Smad3 (Cell Signaling Technology; catalog no. 9520s) and anti-β-actin (Cell Signaling Technology; catalog no. 8456). The membranes were developed with enhanced chemiluminescence reagent for visualization.
Statistical analysis SPSS 13.0 software was used for statistical analysis. Data are expressed as the mean ± SD, and analyzed by ANOVA followed by least significant difference (LSD) t-test for post-hoc comparison.
Results

PI3K/Akt signaling was involved in EndMT of EPCs
After 7-day treatment with TGF-β1, EPCs morphologically changed from a cobblestonelike to a spindle-shaped appearance (Fig. 1A) with cytoplasmic α-SMA expression and loss
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry of CD31 (Fig. 1B) . PIK3R2 shRNA was used to block PIK3R2 expression in this study. Similar to the results from our previous study [13] , Lenti-PIK3R2 shRNA blocked α-SMA expression in EPCs treated with TGF-β1. And α-SMA expression was restored by LY294002, a specific inhibitor of PI3K (Fig. 2) .
Suppression of PIK3R2 activated PI3K/Akt to regulate FoxO3a signaling during EndMT of EPCs
EPCs exhibited basal levels of PI3K and phosphorylated Akt that were decreased by TGF-β1, however, were not affected by Lenti-PIK3R2 shRNA in absence of TGF-β1 (Fig. 3) . TGF-β1 inhibition of PI3K and phosphorylated Akt was reversed by Lenti-PIK3R2 shRNA to 
IGF-1 inhibited EndMT and activated PI3K/Akt in EPCs
Compared to the untreated EPCs, IGF-1 induced a notable increase of the expression of PI3K and phosphorylated Akt in EPCs (Fig. 4) . IGF-1 attenuated α-SMA protein expression and increased PI3K and phosphorylated Akt levels in EPCs treated with TGF-β1 (Fig. 4) .
IGF-1 inactivated Smad3/FoxO3a signaling during EndMT of EPCs
TGF-β1 induced and inhibited phosphorylation of Smad3 and FoxO3a, respectively; such an effect of TGF-β1 was suppressed by IGF-1 (Fig. 4) . To explore the role of IGF-1 in regulating Smad3/FoxO3a activation, the translocation of Smad3/FoxO3a was detected by confocal fluorescence microscopy. Untreated EPCs showed cytoplasmic and nuclear expression of Smad3 and FoxO3a, but no co-localization. TGF-β1 induced translocation of Smad3 and FoxO3a from the cytoplasm to the nucleus, followed by co-localization; these effects were reversed by IGF-1 (Fig. 5) .
FoxO3a mediated EndMT in EPCs
To evaluate the role of FoxO3a in EndMT, we suppressed its expression in EPCs with Lenti-FoxO3a shRNA (Fig. 6) . Lenti-FoxO3a shRNA also reduced expression of SM22α, a 
Fig. 4. IGF-1 inhibited EndMT and activated PI3K/Akt in EPCs.
After treatment with TGF-β1 (5 ng/mL) or/ plus IGF-1 (100 ng/mL) for 7 days, EPC proteins were prepared and immunoblotting assays were performed using specific antibodies against α-SMA, PI3K, phosphor-Akt, Akt, FoxO3a, phosphor-FoxO3a, and Smad3. β-actin was used as the internal control. Relative protein levels were determined by densitometry (n = 5). Lane 1, untreated EPCs; Lane 2, EPCs treated with TGF-β1 (5 ng/mL); Lane 3, EPCs treated with IGF-1(100 ng/mL); Lane 4, EPCs treated with TGF-β1 (5 ng/mL) plus IGF-1(100 ng/mL). Data are shown as mean ± SD. Untreated EPCs were used as a control.
* P < 0.05 vs. control EPCs; # P < 0.05; ## P < 0.01 vs. EPCs treated with TGF-β1. The number of observations (n) represents the number of independent cell preparations. Intracellular location and expression of FoxO3a and Smad3 were determined by confocal immunofluorescence microscopy. Untreated EPCs were used as controls. Green, Smad3; Red, FoxO3a; Blue, nuclear staining with DAPI. Co-localization of FoxO3a and Smad3 is marked with a yellow arrow. Nuclear expression of FoxO3a is marked with a red arrow.
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Discussion
EPCs have been long thought to differentiate into ECs and are thus considered potential candidates for the treatment of ischemic diseases. However, accumulating evidence has shown that transition of EPCs into the smooth muscle cell lineage, i.e., EndMT, aggravates the intimal hyperplasia that contributes to atherogenesis. Although TGF-β1R-dependent Smad signaling was believed to be responsible for EndMT of EPCs [2, 6] , previous studies showed that EPC expression of α-SMA in vitro was induced by shear stress without TGF-β1 [7] and that only half of EPCs transplanted to impaired endothelium underwent the EndMT process [1] , suggesting that the process could be regulated. Our results showed that increased PIK3R2 suppresses activation of PI3K/Akt and plays a pivotal role in the regulation of EndMT of EPCs. Inhibition of PIK3R2 expression by Lenti-PIK3R2 shRNA or exogenous IGF-1 activates PI3K/Akt and inhibits EndMT by inactivating FoxO3a signaling in EPCs (Fig. 7) .
PI3K is a pivotal growth factor signal composed of a p85 repressive regulatory subunit and a p110 catalytic subunit. By means of its major product phosphatidylinositol 3,4,5-trisphosphate (PIP3), PI3K conveys signals from receptor tyrosine kinases to downstream targets such as Akt/protein kinase B and the atypical protein kinase Cs that play essential roles in cellular protein synthesis, growth, and differentiation [16] . P85β, encoded by the PIK3R2 gene, is involved in various cellular processes such as migration [17] , proliferation, and survival [18] . In this study, PIK3R2 levels increased in EPCs stimulated with TGF-β1; blockade of PIK3R2 expression by Lenti-PIK3R2 shRNA suppressed expression of α-SMA, suggesting PIK3R2 contributes to EndMT. 
Although the mechanisms of PIK3R2 regulation of PI3K activation are not fully understood, it is believed that PIK3R2 forms a p85-p110 complex, thus stabilizing the labile p110 and inhibiting its catalytic activity. Other proteins, such as PTEN, specifically bind to the p85 subunit to dephosphorylate PI3K [19] . Furthermore, deletion of PIK3R2 significantly increased insulin-induced Akt activation [20] , consistent with our finding that shRNA suppression of PIK3R2 induced expression of phosphorylated Akt in EPCs treated by TGF-β1.
PI3KR2 is essential to regulating insulin signaling by inactivating PI3K-dependent downstream targets such as Akt and Erk [20, 21] . However, many studies have shown that PIK3R2 binds other proteins such as X-box binding protein-1 [16] and focal adhesin kinase [17] to activate downstream targets in a PI3K-independent manner. In our study, the shRNA inhibition of α-SMA expression was reversed by LY294002, suggesting PIK3R2 intensifies the EndMT process of EPCs via the PI3K-dependent Akt signaling pathway.
Insulin-like growth factor 1 (IGF-1) is a small 7.7-KDa polypeptide that activates the PI3K/Akt signaling pathway. IGF-1 induced phosphorylation of PI3K and Akt, and inhibited TGF-β1-driven α-SMA expression. These results suggest PI3K/Akt activation inhibits the EndMT process of EPCs.
Several studies have demonstrated that TGF-β1R-dependent Smad signaling mediates EndMT of EPCs [2, 6] and Smad2 or Smad3 mediate transduction of TGF-β1R-dependent signaling [1, 6] . Indeed, expression of phosphorylated Smad3 increased markedly in EPCs undergoing EndMT in this study. Notably, the basal level of phosphorylated Akt in EPCs was increased significantly by IGF-1, instead of Lenti-PIK3R2 shRNA. And it was IGF-1, not Lenti-PIK3R2 shRNA, that repressed Smad3 phosphorylation, suggesting that the effects of activated PI3K/Akt on Smad3 phosphorylation were dependent of the level of Akt phosphorylation in EPCs in the process of EndMT. The current results appear to be inconsistent with the previous results that Akt interacts directly with unphosphorylated Smad3 to prevent its phosphorylation in Hep3B cells line through a mechanism that is independent of Akt kinase activity [22] , suggesting that the crosstalk of PI3K/Akt with Smad3 signaling is cell-specific.
The forkhead box subgroup O (FoxO) transcription factor family is one of the most important downstream targets of the PI3K/Akt pathway and plays an important role in regulating diverse cellular functions such as apoptosis, differentiation, metabolism, proliferation, and survival [23] . In this study, Lenti-FoxO3a shRNA completely abolished the expression of α-SMA and SM22α in EPCs, indicating that FoxO3a-dependent signaling was necessary for the EndMT process.
FoxO3a is a substrate of protein kinase Akt. In the absence of cellular stimulation and when Akt is inactive, FoxO3a is localized within the nucleus where it drives transcription of target genes; it is translocated to the cytoplasm upon phosphorylation FoxO3 [24] . In this study, untreated EPCs expressed basal levels of phosphorylated FoxO3a that increased with Lenti-PIK3R2 shRNA or IGF-1; however, the effect was nearly abolished by TGF-β1, suggesting that FoxO3a is the hinge of PI3K/Akt and TGF-β1/Smad3 signaling during EndMT in EPCs.
We observed nuclear expression of FoxO3a and cytoplasmic expression of Smad3. TGF-β1 induced nuclear co-localization of FoxO3a and Smad3, consistent with prior results showing that FoxO3a forms a complex with Smad3 or Smad4 instead of Smad2 to block the transcription factor p21, playing an essential role in the cellular cycle [15] . Recent studies showed that epithelial cells were more inclined to mesenchymal transition upon loss of p21 [25, 26] , suggesting a prohibitory role of p21 in epithelial-to-mesenchymal transition. However, the role of p21 in EndMT needs to be explored further. In this study, co-localization of FoxO3a and Smad3 was completely disrupted by IGF-1, suggesting that PI3K/Akt disrupts the Smad3/FoxO3a complex and inactivates the TGF-β1/Smad3 signaling pathway responsible for the EndMT of EPCs.
Notablely, phosphorylated FoxO3a by PI3K/Akt signaling, was recently proved to bind the promoter of YAP, and then activated Hippo/YAP signaling [27] . And the activation of Hippo/YAP signaling was previously demonstrated to promote the cytoplasmic translocation of Smad3 from nuleues to relay cell density information in TGF-β-mediated epithelial-tomesenchymal transition [28] . These results suggested that activated PI3K/Akt signaling might induce the FoxO3a phosphorylation to activate Hippo/YAP signaling, and then to inhibit Smad3 signaling in EndMT of EPCs, which will be explored in the future studies.
One of the limitations of our study is that we did not explore the roles of other Smad proteins in the EndMT of EPCs, such as Smad4, which also binds FoxO3a [15] , suggesting that activated PI3K/Akt phosphorylates FoxO3a to inhibit Smad4-dependent signaling in EPCs undergoing the process of EndMT. However, previous study showed that the common mediator Smad4 binds to Smad1/5, and might faciliate the inhibition of bone morphogenetic protein-7 to EndMT of endothelial cells [29] . These discrepant results indicate a complicated role of Smad4 in EndMT of EPCs that needs to be investigated further.
In addition, IGF-1 activates Erk1/2-MAPK signaling [30] and Erk1/2 is activated by PI3K/ Akt [31] . Suppression of Erk1/2 phosphorylation upregulates Smad2/3 phosphorylation and enhances cellular differentiation [32] . These results and those of our study suggest a potential role of Erk1/2 in the activation of PI3K/Akt and suppression of Smad3-dependent signaling in the EndMT of EPCs. This hypothesis will be tested in future studies.
In summary, activation of PI3K/Akt via suppression of PIK3R2 or exogenous IGF-1 inhibited EndMT. This inhibition likely occurred by regulating gene expression through the FoxO3a/Smad3 transcription complexes and revealed the pivotal role of PI3K/Akt in the regulation of EndMT of EPCs.
